The retinotoxic drug 1,5-di-(p-aminophenoxy)pentane inhibits the accumulation of all ll-cis-retinoids in the eye and can deplete preformed stores of them. It is shown here that these effects are not specific to 1,5-di-(p-aminophenoxy)pentane but are shared generally by primary aromatic amines containing a hydrophobic tail. Furthermore, certain clinically used drugs, such as the anti-inflammatory drug phenacetin, can be metabolized to produce these retinotoxic amines. It is likely that hydrophobic aromatic amines will in general be retinotoxic, and drugs based on these structures need to be reassessed in this light. It is proposed here that these amines function by catalyzing the isomerization of 11-cisretinal thermodynamically downhill to form its all-trans congener. This mechanism accounts for the lack of structural specificity observed with these compounds and is supported by experimental evidence presented here. Schiff bases formed between 11-cis-retinal and a relevant aromatic amine in phosphatidylcholine-based liposomes lead to the formation of the all-trans isomer, at rates =15 times faster than the rate of li-cis-retinal isomerization by itself in these liposomes and O24103 times faster than the rate of isomerization of this molecule in n-heptane. The rates of the amine-catalyzed isomerization are fast enough to account for their in vivo effect.
the esters and reoxidation to a retinal. Somewhere in the visual cycle, an energy-dependent conversion of an all-transretinoid to an ll-cis-retinoid must occur. The energy difference between an all-trans-retinoid and its li-cis isomer is -4 kcal/mol (1 cal = 4.18 J) in n-heptane or chloroform (5) . Indistinguishable equilibrium mixtures are found in more polar milieus such as ethanol or phosphatidylcholine-based liposomes (unpublished data).
This energy-consuming step must be operating in the dark, because in vertebrates, such as frogs, where there is an approximate 3-fold excess of retinoid over opsin, 11-cisretinol esters are generated at the expense of their all-trans counterparts in the absence of light (6) . Because 
regeneration (7) . This could eventually lead to long-lasting retinal toxicity. We previously demonstrated that, in addition to blocking visual pigment regeneration, the drug also prevents the synthesis of 11-cis-retinal, 11-cis-retinol, and 11-cis-retinol palmitate (8 performed to determine what modifications could be made in the 1,5-di-(p-aminophenoxy)pentane structure while still retaining activity. Since 1,5-di-(p-aminophenoxy)pentane is a bifunctional molecule, it was desired to determine whether monofunctional analogs were active. The two criteria used for determining whether an analog was active or not were that the drug should decrease both the rate of rhodopsin regeneration and the rate of 11-cis-retinol palmitate formation in the dark in a previously light-adapted animal. In Table 1 , it is shown that several different monofunctional aromatic amines gave positive results. In fact, two of them, p-n-butylaniline [2] and p-n-hexyloxyaniline [3] , were more powerful than 1,5-di-(paminophenoxy)pentane in their effects on rhodopsin regeneration and on 11-cis-retinol palmitate formation. Phenacetin [4] , a nonsteroidal anti-inflammatory agent that can be metabolized in vivo to form p-phenetidine [5] (11) , inhibited rhodopsin regeneration but not 11-cis-retinol palmitate formation. However, when given in three doses of 100 mg/kg over 24 hr it could inhibit 11-cis-retinol palmitate formation. Aliphatic amines such as n-butylamine and n-octylamine were without effect in our assay systems.
Catalyzed Isomerization of the Retinals by Aromatic Amines. The experiments described above demonstrate a lack of structural selectivity in eliciting the pharmacological Phenacetint 3 x 100 8 ± 6* *P < 0.01 (one-tailed unpaired t test compared to control) for n = 2-8. All values are mean ± SEM. tPhenacetin was dissolved in absolute ethanol. The triple dose was administered as three injections of 100 mg/kg given during a 24-hr period in the light before dark adaptation.
actions of 1,5-di-(p-aminophenoxy)pentane and the other aromatic amines. This would suggest that a specific enzymeor receptor-mediated event is not involved. All that seems to be required structurally is a primary aromatic amine that could insert into lipid bilayer membranes by means of hydrophobic interactions. Since the high-energy 11-cisretinoid pools were run down by the aromatic amines, it is reasonable to consider how these latter agents might affect these pools. The simplest hypotheses that can be developed are that either the drugs enhance the thermodynamically downhill isomerization of an 11-cis-to an all-trans-retinoid, or they prevent the biosynthesis of an 11-cis-retinoid in some manner (8) . Very little is known about the latter process, and so whether or not it may be affected is not immediately testable. On the other hand, it is possible to test whether or not 11-cis-retinoids are catalytically isomerized by aromatic amines.
The most likely li-cis-retinoid to be isomerized is 11-cisretinal, since it can form a Schiff base with the aromatic amine. To study the possible catalytic ability of aromatic amines to isomerize 11-cis-retinal under conditions as close as possible to the physiological situation, egg phosphatidylcholine-based liposomes were prepared containing the Schiff bases of 11-cis-retinal and the aromatic amines shown in Table 2 . With time, aliquots were removed and the extent of isomerization of the 11-cis-retinal was determined by HPLC analysis. As can be seen here, aromatic amines that potently disrupted the visual cycle in vivo (Table 1) were potent catalysts in the in vitro system. When similar experiments were performed with 11-cis-retinol and 11-cis-retinol palmi- needs to be considered in this light.
Since the aromatic amines depleted the stores of 11-cisretinoids, and in so doing showed little structural specificity, it was reasonable to postulate that they catalyzed the thermodynamically downhill isomerization of an li-cis-retinoid to its all-trans-congener. The aromatic amines were without effect on 11-cis-retinol or its palmitate ester but did markedly catalyze the isomerization of 11-cis-retinal in phosphatidylcholine-based liposomes. Since the aromatic amines catalyze the isomerization of the retinals but not other retinoids, it is reasonable to assume that Schiff base formation precedes the isomerization step. Indeed, Schiff base formation would stabilize the transition state for an isomerization process, given the extended conjugated system produced (Scheme II). For purposes of exposition, a free-radical initiated isomerization process is shown in Scheme H, with attack at C-11. Attack at carbons 5, 7, or 9 would achieve the same result. It is clear that the attack of X' produces a highly stabilized product [6] The importance of a phospholipid environment, which of course is found in the eye, deserves consideration. At 65TC in n-heptane, the thermal rate of isomerization of 11-cisretinal is 2.4 x 10-6sec', a t1/2 of 80 hr (9) . At 37TC, the rate in n-heptane would be in the range of 10-7 sec'1, while in phosphatidylcholine-based liposomes it is 7.7 x 10-6 sec'1. Schiff-base formation with an aromatic amine in these liposomes further increases the isomerization rate 3-to 18-fold (Table 2) . By contrast, Schiff-base formation with 11-cisretinal by aniline in n-heptane at 650C has almost no catalytic effect, changing the isomerization rate to just 2.8 x 10-6 sect (9) . The importance of a phospholipid environment is further supported by the fact that aromatic amines are Proc. Natl. Acad Sci. USA 83 (1986) progressively more active in vivo and in vitro as they become more hydrophobic (Tables 1 and 2 ). The observation that hydrophobic aromatic amines are potent catalysts of the isomerization of retinoids provides the missing link in the mechanism of action of these drugs. This proposed mechanism uniquely relates the stiucture-activity relationships of these drugs with their chemical and physiological actions. Therefore, we suggest that these drugs function in vivo by short-circuiting the visual cycle and running it downhill thermodynamically (Scheme IE). (ii) Many of the enzymes ofthe cycle must be functional in the dark, or else aromatic amines would not deplete 11-cis-retinol esters in dark-adapted animals. (iii) The proposed in vivo facilitated isomerization of retinals by aromatic amines argues against the existence of a putative non-energycoupled retinal isomerase (12) , because both should operate indistinguishably in vivo. (iv) We have defined a mechanism of ocular toxicity for a family of chemical compounds, and a predictive model of structures likely to be retinotoxic has been provided.
